A rapid thermal oxidation process of silicon in N20 ambient was investigated using a commercially available reactor with a fixed wafer position and a gas flow parallel to the wafer surface. For such a configuration, thickness uniformities in the 2% range were obtained for the first time. The oxidation rate as a function of process temperature and time was investigated. A retardation in the N20 oxidation rate as compared to the oxidation in O2 ambient is explained by the formation of a nitrided interracial layer. A comparison of experimental results with an oxidation model calculation shows that this interface can affect either the oxidant diffusivity through the oxide or the reaction rate at the silicon surface. Infrared spectra of nitrided oxide films reveal a regular arrangement in the Si-O network, similar to that of high quality thermally grown oxides. A vibrational contribution to that spectrum from a Si-O-N subnetwork is displayed. The accumulated charge to breakdown on metal-oxide-semiconductor capacitors as a function of the injected current density revealed different slopes for oxides either thermally grown or grown in N20. Hence, the projected lifetime for devices with N20 grown oxide under low operating fields is extended by one order of magnitude in comparison with th e thermal oxide.
Since complementary metal-oxide-semiconductor (CMOS) integrated circuits are scaled down into the submicron region, thermally grown SiO2 gate dielectrics show increasingly technological and reliability problems in the very thin thickness range. In this regard there are two major issues affecting the performance of MOS field-effect transistors (FETs). First, boron penetration from the p*-gate through the SiO2-gate dielectric results in instabilities of the threshold voltage of p-channel MOSFETs. Second, if n-channel MOSFETs are subjected to high-field stress, a significant interface state generation will occur.
The nitridation of SiO2 in NH3 atmosphere is the most reported method up to now to overcome these problems. 1-~ Unfortunately, hydrogen incorporation during the nitridation process introduces a large number of electron traps in the film. 4' Subsequent reoxidation reduces both the electron trapping and interface state generation, but some problems related to this multistep process still remain. 6' 7 Nitridation of SiO2 in N20 atmosphere was also investigatedY The problem of incorporated hydrogen or OH groups is avoided, since only nitrogen can be built into the dielectric layer. The results are quite promising for the fabrication of future quarter-micron devices, but extended experimental results have to be obtained.
A simple one-step process is the oxidation of silicon in N20 atmosphere either in a conventional furnace 8'~~ or in a rapid thermal processing (RTP) system. ~1-~ All reported data on these so-called N~O oxides show that electrical reliability and blocking properties are improved. ~8 However, an N20 rapid thermal oxidation (RTO) process was reported in Ref. 11 to produce high nonuniformities in the range of 10 to 19% (percentage standard deviation, 1 ~) in film thickness and composition. An improved thickness uniformity value of 7 % was reported recently, ~ but the nitrogen concentration was low (0 to 1%) in this case. These published data were observed in "conventional" RTP reactors with horizontal gas flow and fixed wafer positions. Recently, good thickness uniformities (< 5%) were reported for a modified RTP system, z7 where the wafer in the reactor chamber can be rotated in a vertical gas flow system.
In this work an RTO process in N20 ambient with excellent thickness uniformities is presented. These values were achieved in a commercially available conventional RTP reactor. For the characterization of the growth process a temperature study was performed. The oxide quality and nitrogen incorporation was investigated using Fourier transform infrared (FTIR) and secondary ion mass spectroscopy (SIMS). To study the hot carrier immunity timedependent dielectric breakdown (TDDB) measurements were carried out on MOS capacitors.
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Experimental
The RTP system (AST-100) used for this study is designed to process single wafers with a diameter of 100 mm. With tungsten halogen lamps the wafer can be heated rapidly (1 to 400~ to a steady-state temperature of up to 1300~ The cooling rate is 70~
for a starting temperature of 1100~ In RTP systems the problems are mainly the temperature uniformity, the compensation of wafer edge effects, and the measurement and calibration of the temperature. ~ From the manufacturer a system was chosen with double-sided illumination of the wafer in a highly reflective water-cooled chamber in which an air-cooled coldwall quartz reactor is located. A schematic of the lampheated quartz reactor is shown in Fig. 1 . The 21 lamps are arranged in two parallel banks with the rectangular quartz tube between them. It is possible to control the lamp power separately for six units consisting of three or four lamps. The temperature is measured with a pyrometer fixed under the reactor. The calibration of the pyrometer is carried out using a thermocouple-instrumented wafer. There are eight openings for the gas inlet at the front side of the reactor chamber, which shall insure a homogenous flow of the process gas across a wafer. The gas outlet is located at the back side of the chamber. The sample is placed on a quartz holder with three quartz pins. To compensate for temperature effects at the edge of a wafer, a silicon reflection ring can be used. The best oxide thickness uniformity was obtained after a fine tuning of the heating lamps and adjusting the silicon reflection ring on a level 1 mm below the silicon wafer surface as shown in Fig. 1 .
The oxidations were carried out on n-type wafers with a resistivity of 5-10 ~ cm, <100> orientation and 4 in. in size. The wafers were freshly etched in concentrated HF and dried with nitrogen or directly transferred from the storage box into the reactor chamber. Thin nitrided oxide layers were then grown in undiluted ultrapure N20, pure oxide layers in 02, with a flow rate of 5 liter/min. To understand the growth dynamics in an RTP system, a temperature range of 900 to 1150~ was covered. We determined the film thickness by ellipsometry, assuming an SiO2 bulk layer with a refractive index of 1. not considered, is negligible. 19 With the aid of SIMS (performed by GeMeTec, Munich) the nitrogen concentration at the interface, bulk, and surface was determined. The evaluation of structural properties as well as the impurity contents was performed using a FTIR spectrometer (Digilab QS-200) which is operated under oblique angle of incidence. In this configuration the excitation of longitudinal optical (LO) modes, in addition to the mostly presented transversal optical (TO) modes is possible.
MOS capacitors with POC13 doped poly-Si gates (area 1.0 • 10 -4 cm 2) were fabricated in a standard procedure using dry etching techniques. After an RCA clean and an N~O oxide at 1150~ a thermal oxide at 900~ (furnace oxide as a control oxide) was grown. On these devices constant-current TDDB measurements were performed and the charge to breakdown (QBD) was calculated.
Results and Discussion
Growth rate.--The oxide thickness achieved in a rapid thermal processing in O2 or N20 ambient as a function of time is shown in Fig. 2 . The process temperature was 1150~ and the gas flow rate was 5 liter/min in both cases. It is obvious from the different slopes of the curves that the oxidation of silicon in the N20 case is significantly blocked as compared to the O2 process and runs towards a saturation value. Therefore, the achievable thickness is limited to about 10 nm for a reasonable process time. Very few models for the retardation of the oxidation have been discussed recently. Ting et al. 19 have explained this effect by introducing an additional diffusion term in the Deal-Grove model 2~ due to the formation of an interracial oxinitride layer. Kuiper et al. 14 have suggested a change in the reaction rate constant assuming that Si atoms diffuse through a silicon nitride interface layer and become oxidized. To gain more insight into the N20 oxidation process, we investigated the temperature dependence of the growth rate. This is shown in Fig. 3 , where the oxide thickness as a function of process temperature is displayed for oxidation times of 480,300, 60 s. It is remarkable that for long process times the oxidation rate drops at -1000~ followed by a further increase. For short oxidation times a monotonic increase in thickness with increasing temperature was observed. For medium oxidation times the thickness-temperature dependence runs through a transition region and shows a plateau in the 1000~ range.
For long oxidation times the process is run in a saturation regime. At a suitable temperature the nitrided interface is formed and the oxidation rate drops. This temperature at about 1000~ seems to be a critical decomposition temperature of N20. In Ref. 11 it was reported in detail that N20 decomposes completely above 1000~ with 91.1% N~ and 02 and a proportion of 8.9% of NO and N2. Due to an incomplete decomposition at 900~ this proportion decreases to 3.4%. Since the weakly reactive NO is speculated to cause the interracial nitrided layer, we conclude that above 1000~ the formation of a nitrided interface is more likely than below 1000~ In the following it is discussed whether this interfacial layer is affecting mainly the diffusion or the reaction term in the Deal-Grove model.
We performed an oxidation model calculation assuming an Arrhenius-type temperature dependence of the diffusivity and a temperature dependent step function which shall affect the diffusivity or the reaction rate. The way the model calculation is performed is outlined as follows.
According to Deal and Grove's model the general relationship between the oxide thickness x0 and the time t for the oxidation of silicon is With formula 6 we performed calculations to obtain various temperature dependences of the oxidation rate. The results are calculated in arbitrary units and given in Fig. 4 . Curve 1 displays an Arrhenius-type temperature depend- ence of the diffusivity D. With this diffusivity a Deal-Grove behavior of the oxidation rate is simulated (curve 2). The drop in the oxidation rate as shown in Fig. 3 can be simulated as follows: a step function (curve 3) is introduced which switches on a reduced diffusion or a reduced reaction. In curve 4 the reaction rate (k~) is held constant and the diffusivity (D) is divided by the step function. This is very similar to t h e model t h a t w a s suggested b y Ting et al. ~9 in w h i c h a n a d d i t i o n a l diffusivity t e r m was assumed. In curve 5 the diffusivity r e m a i n s A r r h e n i u s -t y p e a n d the reaction r a t e c o n s t a n t is divided by the step function. This is very similar to a model suggested b y K u i p e r et aI. ~4 in w h i c h a c h a n g e in the reaction rate was assumed. F r o m the a p p e a r i n g similarity of curve 4 a n d 5, we can state t h a t a s u d d e n c h a n g e either in the diffusivity or in the reaction rate c a n cause the drop in the o x i d a t i o n curve. In addition, from t h e t i m e d e p e n d e n c e of the o x i d a t i o n vs. t e m p e r a t u r e curves in Fig. 3 we can conclude t h a t the effect of a c h a n g e in diffusivity a n d / o r reaction rate needs e n o u g h time to b e c o m e effective. F o r s h o r t e r process times the oxid a t i o n b e h a v e s more like the Deal a n d Grove's model. 
T h i c k n e s s u n i f o r m i t i e s . --I n general, the t h i c k n e s s uni-
formities (across a w a f e r a n d from w a f e r to wafer) of the N20 oxides g r o w n at 1150~ are in the 2% r a n g e (1 +). A typical thickness w a f e r m a p of such a n oxide is s h o w n in 
2%). It is r e m a r k a b l e t h a t the film thickness increases at t h e edge of the wafer. This is in c o n t r a s t to the o x i d a t i o n in
pure O2 where a decrease of the oxide thickness at the edge occurs. This indicates a slight temperature decrease at the wafer edge, which is not totally compensated for by the silicon reflection ring. If the N20 process is run without the silicon ring, the thickness increase becomes even bigger. The thickness profile is assumed to be related to the decomposition process of N20 and to the nitrogen incorporation at the Si/SiQ interface. As mentioned above, these processes are not completely understood. We are speculating that the growth of the N20 oxide is enhanced at the edge due to a different interface layer across a wafer. According E lO2~. to a temperature decrease at the edge, the interface contains less nitrogen resulting in an enhancement of the oxidation rate. However, the thickness profile is rotationally symmetric. Thus it can be concluded that gas depletion effects do not occur, although the wafer is processed under horizontal gas flow.
The effect of the growth temperature on the thickness uniformity is shown in Fig. 6 . In good agreement with the arguments in the growth rate section, it is shown here that in the vicinity of the "critical" temperature (T = 1000~ the oxidation process is unstable. This is demonstrated in the temperature dependence of the thickness variation (i ~). In the regions of T < 970~ and T > I050~ we received values of ~ < 3% whereby in the 1000~ region this value increases up to 5 %. This means that theprocess window is restricted to 900 to 970~ and 1050 to 1200~ for uniformity reasons and, as far as we know, to temperatures above 1000~ to achieve a sufficient incorporation of nitrogen. Structural characterization.--There have been several studies on the structural composition of N20 oxide grown either in an RTP system or in a furnace. 8'1~ From SIMS and Auger spectroscopy a nitrogen pile-up at the Si/SiQ interface and a depletion of the nitrogen concentration at the bulk and surface was reported. We confirmed these results by performing SIMS measurements. The depth profiles for the nitrogen concentration for N20 oxides and an RTO film are presented in Fig. 7 . For the different processing temperatures the nitrogen concentrations were estimated at 7, 6, and 4 atom percent (a/o) for 1150, 1030, and 990~
respectively. This confirms the statement made in the growth rate section, that the nitrogen content increases strongly above 1000~
For the N20 oxide films no variations in nitrogen content across a wafer was observable. However, the experimental error is about 20%, so very small changes below 1 a/o could not be detected.
The evaluation of structural properties is easily carried out by FTIR spectroscopy. This method enables a comparison of an N20 oxide with a high quality thermal oxide with respect to the degree of disarrangement in the Si-O network. An estimate of impurity contents is also possible. In IR spectra mainly two optical modes provide information regarding the structural arrangement of oxides in the network. 21 First, the peak position and full width at half maximum (FWHM) of the principal absorption band, a TO mode. Second, the peak position and vicinity of the Berreman mode, a LO resonance. If a SiQ layer is in a disordered arrangement the TO mode shifts to lower wavelengths, the FWHM broadens and the LO mode will disappear. This is accompanied by an increase of disorder-related modes between the LO and TO mode.
In Fig. 8 the IR spectra of an N~O oxide and a thermal oxide of ii nm thickness are compared. The agreement is excellent as well in the peak position (1072 cm -1) and FWHM (79 cm -1) of the TO mode as in the peak position (1254 cm 1) and vicinity of the LO mode. These values have been reported for high quality oxides. 21 The deviation in the spectra indicated by the dashed area is attributed to the formation of O-Si-N bonds. This has been shown in a detailed study of a deposition process of a-SiOxNy :H, which was published recently, 22 and by a nitridation study of thermally grown oxides. 23 We did not observe any -H, -OH, or -NH~, related absorption bands in the spectra. This, of course, has to be expected since no hydrogen is involved in the growth process. From the comparison of the spectra in Fig. 8 it can be concluded that no significant network distortion occurs through the incorporation of nitrogen in the Si-O network. At the interface and to a lesser amount in the bulk, the trivalent nitrogen replaces the bivalent oxygen in the Si-O tetrahedrals. Nevertheless, the bulk structure must be highly ordered. This can be concluded from the peak positions and from FWHMs of the Si-O vibrations. Performing a wafer map for N20 oxides grown at a given temperature, we obtained identical IR spectra, indicating no change in structural order or significant variations in the nitrogen content.
Electrical measurements.--For an electrical characterization of the N20 oxides, constant-current stress TDDB measurements were performed. The time to 50% cumulative failure vs. injection current density (J) covering two orders of magnitude is plotted in Fig. 9 . From these values the accumulated charge to breakdown was calculated. At J = 500 mA/cm 2 we received QBD values of 33 and 21 C/cm 2 for capacitors with N~O oxide and thermal oxide, respectively. Depending on the different slopes of the two curves, the projected lifetime for an N20 oxide under low operating fields is extended by one order of magnitude in comparison with the control oxide.
The high sensitivity of the TDDB measurements displayed a nonuniformity for the N20 oxide ence was not obtained. The variation of this value was only -+i C/cm 2.
The observed variations in QBD for N20 oxide are assumed to be caused by very small variations of the nitrogen content in the permille range. In a preceding section, we have discussed the thickness profiles for oxides grown in 02 and N20. It was concluded that small temperature decrements towards the wafer edge must exist. This might result in interracial layers with different amounts of nitrogen contents. Such small variations have been shown to have much effect on the QBD value. ~3'2~
Conclusion
Ultrathin nitrided silicon oxide layers were grown in N20 ambient in an RTP system. Very good uniformities and a sufficient incorporation of nitrogen at the interface can be ensured in a temperature range above 1050~ This process becomes self-limiting through the blocking properties of the interface which makes the fabrication of an ultrathin dielectric layer highly controllable. From temperature and time dependencies of the oxidation rate, deviations from Deal and Grove's model of the oxidation in 02 were observed. They could be caused by variations either in the oxidant diffusivity in the oxide or in the reaction rate at the Si/SiOxNy interface. The thickness profile of the oxide layers is rotational symmetric thus demonstrating that gas depletion effects are not significant although this reactor is designed with a gas flow parallel to the wafer surface. From SIMS and FTIR measurements a homogeneous nitrogen distribution across a wafer was obtained. However, concentration variations smaller than 1 a/o could not be resolved. The increase in thickness at the wafer edge and the obtained nonuniformities in QBD are speculated to be caused by very small concentration changes (<< I a/o) in the nitrogen content. The optimum of nitrogen content for best electrical performance has to be a subject of further investigations. The lowest QBD value for N20 oxide, however, is better than the average QBD value for the thermal oxide. This difference is even amplified for low current densities demonstrating the improved performance of N20 oxide. In comparison with the thermal oxide the improvement in QBD is explained by an incorporation of nitrogen in the Si-O network at the Si/SiO2 interface. Strong Si-N bonds are replacing weak Si-H bonds which are unavoidable in thermal oxides or NH3-nitrided oxides. Si dangling bonds are passivated, and the interface is relaxed due to the incorporated nitrogen. This results in a reduced charge trapping probability which increases the QBD value.
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